I. INTRODUCTION
It is of great interest to study alternative nonfouling ͑i.e., resistant to nonspecific protein adsorption͒ materials other than polyethylene glycol ͑PEG͒. PEG is one of the best known synthetic nonfouling materials 1-3 used for practical applications such as biomaterials, biosensors, drug delivery, and bioseparation. It is recognized that PEG is susceptible to auto-oxidation in the presence of oxygen and transition metal ions found in most biochemically relevant solutions. 2 The lipid components that make up cell membranes are mainly zwitterionic phospholipids and they are believed to be nonthrombogenic. Vermette et al. 4 investigated albumin and fibrinogen ͑Fg͒ adsorption on dipalmitoylphosphatidylcholine ͑DPPC͒ monolayers by Fourier transform infrared ͑FTIR͒ spectroscopy. They found that the amount of adsorbed proteins was reduced by a factor of 3 when the proteins were exposed to the phosphocholine polar head groups instead of the lipid acyl chains. Hayward and Chapman 5 also confirmed that grafting phosphocholine lipids onto polymer surfaces improved the biocompatibility of these surfaces. 2-methacryloyloxyethacrylate ͑MPC͒-based polymers incorporating phosphorylcholine moieties have been used for various applications. [6] [7] [8] Ishihara et al. 9 reported that polymers having phosphocholine groups reduced blood cell adhesion without an anticoagulant when the polymers contacted human blood. Feng et al. 10 reported that the adsorption of both Fg and lysozyme on poly͑MPC͒-grafted surfaces was greatly reduced as the length of the poly͑MPC͒ chains was increased. Phosphorylcholine self-assembled monolayers ͑PC-SAMs͒ are another desirable way to create PC-modified surfaces since they were well characterized and give a full representation of the zwitterionic nature of lipid surfaces. In multiple studies on PC-SAMs, Fg adsorption was shown to be 18%-35% of that on a methyl-terminated SAM. [11] [12] [13] It was speculated 14 that the relatively high protein adsorption obtained on PC-SAMs as compared to that on oligo ͑ethyl-ene glycol͒ ͑OEG͒ SAMs ͑Ref. 3͒ may be due in part to the packing arrangement of the PC-SAM, which is not likely to assemble with the same surface area per PC moiety as that found in a fluidic PC lipid bilayer. Consequently, the dipole orientation of the PC lipid bilayer and associated water molecules may be altered in a PC-SAM relative to a PC lipid bilayer.
14 In our recent studies, 15 it was shown that Fg and bovine serum albumin ͑BSA͒ adsorptions were 1% and 0.7% of a monolayer on PC-SAMs, respectively, under well controlled experimental conditions. Both experimental 12, 16, 17 and theoretical 15, [18] [19] [20] studies have shown that water molecules at the protein-surface interface play an important role in protein adsorption. While hydrophilic and neutral OEG chains form a hydration layer via hydrogen bonds, zwitterionic chains ͑e.g., PC-SAMs͒ form a hydration layer mainly via ionic solvation. It is expected that the structure of the interfacial water molecules around PC chains will be quite different from those around OEG chains. 19 18 The structure of PC-SAMs could be greatly affected by their PC head groups due to strong dipole-dipole interactions. However, it is hard to obtain an accurate lattice structure of PC-SAMs from experiments. In atomic force microscopy ͑AFM͒ experiments, for example, the penetration of the AFM tip into the thin film 15 makes it difficult to measure the lattice parameters of PC-SAMs. Despite its importance, there is still a lack of a detailed description of the structure of PC-SAMs.
The objective of this work is to study the structure of a PC-SAM on Au͑111͒ surfaces. To find the lowest-energy lattice structure of the PC-SAM on Au͑111͒ surfaces, we systematically explored different lattice structures ͑i.e., packing densities and patterns͒ and chain orientations ͑i.e., antiparallel and parallel arrangements of the head groups͒ of PCSAMs by using both molecular mechanics ͑MM͒ and molecular dynamics ͑MD͒ techniques. The initial azimuthal angles of the PC chains were also taken into account.
II. SIMULATION MODEL AND PROTOCOL
The optimal lattice structure was determined by comparing the total interaction energy of various systems, all of which have 36 PC molecules occupying different surface areas. Our approach included the following steps. First, intermolecular packing densities and orientations of the PC chains were investigated. The optimal lattice structure of PCSAMs on Au͑111͒ was predicted using MM in an implicit solvent. Secondly, the azimuthal angle of the optimal packing structure was checked by varying the initial angle of PC chains. Finally, the two lattice structures with the lowest energies after MM were solvated with explicit water molecules and compared after 1.5 ns of all-atom MD simulations to determine the lowest energy packing structure. All of the initial structures were built using the CHARMM ͑Ref. 21͒ molecular simulation package ͑Version c30b1͒. Both MM and MD simulations were carried out with CHARMM. The allatom CHARMM PARAM27 force field 22 was used to describe PC-SAMs and the TIP3P potential was used for water.
Optimal lattice structures from MM calculations. While the packing structure of conventional SAM surfaces depends primarily on the density of alkane chains, the lattice structure of a PC-SAM is also strongly affected by the chain orientation of zwitterionic head groups. In other words, both the lattice structure and the chain orientation of the head groups should be examined when searching for the optimal PC-SAM lattice structure. In this work, all of the unit cells were constructed based on Au͑111͒ lattice structures. All of the lattice parameters used in the simulations are listed in Table  I . The geometric parameters of different unit cells, which are marked by solid lines, are shown in Fig. 2 . The a and b vectors were both chosen so that the unit cell could be replicated correctly on the xy plane. The c vector is in the same direction of the surface normal. Since CHARMM employs a three-dimensional ͑3D͒ periodic boundary condition in both MM and MD simulations, a length larger than the cutoff distance was chosen for the c vector to avoid interactions between the SAM surface and its images. By doing so, a pseudo-two-dimensional ͑2D͒ MM simulation environment for PC-SAM surfaces was obtained. The size of the unit cell is determined by the number of Au atoms, ranging from 3 to 9, inside the unit cell ͑open circles represent Au atoms͒. Unit cells have the same size when the same number of Au atoms is used, but different shapes as determined by the Au͑111͒ lattice ͑Fig. 2͒. The surface areas of the unit cells containing three to nine Au atoms correspond to 21.6, 28.8, 36.0, 43.2, 50.4, 57.6, and 64.8 Å 2 , respectively. For clarity in Fig. 2 , each lattice structure is denoted by one number and one letter. The number indicates the number of Au atoms in the unit cell and the letter is used to distinguish lattice structures containing the same number of Au atoms in the unit cell. It is also expected that the surface with the lowest packing energy will be the one with the minimum net dipole and this is consistent with previous simulation studies on the packing of zwitterionic materials. 23 Therefore, for every given lattice structure, PC-SAMs with both antiparallel and parallel orientations of their head group dipoles ͑the vector pointing from atom P to atom N͒ were investigated. Each lattice struc- ture that was investigated was started with two PC chains which were energy minimized in a continuous medium, with a distance-dependent dielectric constant ͑ = 0 r͒ that mimics water. After two optimized PC chains were obtained, a simulation box comprised of 36 PC chains was generated by replicating these optimized PC chains in the xy plane. The energy of the system was then minimized using the conjugate gradient algorithm in an implicit solvent. In all MM simulations, a large vacuum gap ͑longer than the Coulombic cutoff length 12.0 Å͒ was introduced on the top of the simulation box in the z direction to mimic the quasi-two-dimensional system. The switch cutoff method was used to calculate nonbonded interactions. The switch cutoff was set to on at 10.0 Å and off at 12.0 Å. All of the sulfur atoms were fixed during simulations. After we obtained the packing structure, with the minimal energy, the structure was checked by varying the initial azimuthal angle of the chains. The initial azimuthal angle was varied from 0 to 180°in increments of 30°.
Optimal lattice structures from MD simulations. After the packing structure of the PC-SAM was examined in implicit solvent by MM, we performed MD simulations on the two lattice structures with the lowest packing energies in explicit solvent. First, both of the initial configurations of the PC-SAMs were taken from the final results of the MM calculations and they were solvated with TIP3P water molecules. All of the water molecules within 2.2 Å of any SAM atom were removed. The SAM-water systems were subsequently energy minimized while restraining the backbone atoms of the PC-SAMs with the conjugate gradient algorithm for 5000 steps. The heating protocol included 20 ps of temperature increase from 50 K to the final temperature of 300 K and 50 ps of an equilibration period without constraints on the SAMs except for the fixed sulfur atom constraint. Production MD simulations were conducted in the canonical NVT ensemble. The velocity Verlet algorithm with a time step of 1.0 fs was used to integrate the equations of motion. The temperature was controlled at 298 K using a Berendsen thermostat 24 with a coupling time constant of 0.1 ps. Initial velocities were assigned according to the Maxwell-Boltzmann distribution at 298 K. Each system was subject to periodic boundary condition and minimum image convention in the x, y, and z directions. The SHAKE algorithm was used to constrain all bonds involving hydrogen atoms with a geometric tolerance of 10 −6 . The short-range van der Waals ͑vdW͒ interactions were calculated by the switch function at a twin range cutoff between 10 and 12 Å. The long-range electrostatic interactions were calculated by the force-shifting function at a cutoff distance of 12 Å. Previous studies [25] [26] [27] have shown that the atom-based force-shifting function can conserve energy, correctly predict experimental data, and generate stable trajectories. The cell-linked neighbor list with a cutoff range of 13.2 Å was employed to accelerate the simulation and was updated automatically whenever necessary ͑heuristic test͒. Each system was simulated for ϳ1.5 ns and the trajectories were saved every 1.0 ps for analysis.
III. RESULTS AND DISCUSSION
Optimal lattice structures and chain orientation. Zwitterionic PC-SAM head groups have strong dipoles formed by their positively and negatively charged groups. These strong dipoles have a significant influence on the packing structure of PC-SAMs. Chen 28 reported that many peptides with alternating positively and negatively charged distributions lead to ionic complementarity, which contributes to the selfassembly of those peptides in addition to hydrogen bonding and hydrophobic interactions. Tsonchev et al. 23 studied the self-assembly of zwitterionic peptide amphiphiles possessing large dipoles in their hydrophilic head groups. The peptide amphiphiles were built by optimizing the diad amphiphile, which was then used as a basic unit to build 4 ϫ 4 supercells of molecules. They found that the dipoles of the head groups in the diad amphiphile were aligned in an antiparallel fashion with respect to each other in the energy minimum. However, because the supercells were built by replicating two peptides with an antiparallel pair of dipoles, all of the possible parallel arrangements of the dipoles in the 4 ϫ 4 supercell were not examined. Lipfert et al. 29 proposed that both parallel and antiparallel arrangements of dipoles were energetically favorable after studying how peptide backbone dipoles stabilize the cross-␤ configuration. They found that both generic ␣-helix and ␤-sheet configurations had favorable dipole interactions with the former being parallel and the latter being antiparallel for residues that were separated by more than four positions along the sequence. In our previous work, 15 we considered only the antiparallel arrangement of the PC head groups based on the procedure proposed by Tsonchev et al. 23 when examining the structure of PC-SAMs. In this work, both parallel and antiparallel arrangements of dipoles similar to those found in the work of Lipfert et al. were explored. The parallel arrangement of dipoles was minimized with the six nearest charged groups as seen in Fig. 3͑a͒ , while the antiparallel arrangement of dipoles was minimized with the antiparallel dipole pairs as seen in Fig. 3͑b͒ . The packing energies of PC-SAMs as a function of various lattice structures with an antiparallel or parallel arrangement of the PC head groups are shown in Fig. 4 . Both antiparallel and parallel packing patterns exhibit higher packing energies when they were either overpacked or underpacked. Most parallel arrangements of the head groups have lower energies than the corresponding antiparallel ones largely due to strong vdW and electrostatic interactions among the charged head groups. It can be seen that there are minimal packing energies for both parallel and antiparallel packing structures. The antiparallel packing reaches its minimum energy configuration with structure 4b, while the parallel one has its minimum with structure 7. The parallel arrangement of the head groups has an ionic-complementary characteristic, which follows a specific pattern of the distribution of charges, leading to a minimization in the dipole interactions. In addition, the dipoles of the PC head groups prefer to have a parallel arrangement with respect to each other as shown in Figs. 4 and 5 .
The lowest-energy configuration of the PC-SAM was obtained with a ͱ7 ϫ ͱ 7 R19°lattice structure. It corresponds to a chain-chain spacing of ϳ7.63 Å or an area of ϳ50.42 Å 2 per chain, which is very similar to the spacing of membrane lipids obtained from both molecular simulation ͑55 Å 2 ͒ ͑Ref. 18͒ and x-ray diffraction experiments ͑47-54 Å 2 ͒. 30 Tightly packed monolayers ͑i.e., lattice structures 3, 4a-4b, 5, and 6a-6d͒ result in relatively high packing energies because steric effects cause the chains to twist. For the loosely packed monolayers ͑i.e., lattice structures 8a-8e and 9a-9b͒, the packing energy increases due to an increase in the amount of disorder in the chain alignment, which results in unfavorable vdW interactions. At the optimal ͱ7 ϫ ͱ 7 R19°lattice structure, the molecular chains not only are flexible but also align parallel to each other with a parallel arrangement of PC head groups, as shown in Fig. 5 . P → N moment and tilt of chains. The net dipole moment of the PC-SAM was minimized when in a parallel configuration and the global minimum dipole moment was obtained at the optimum packing density of ͱ7 ϫ ͱ 7 R19°. The angle between the vector pointing from the phosphorus atom to the nitrogen atom and the normal of the gold surface was denoted as P → N. It can be seen from Fig. 6͑a͒ that P → N is about 80°for the lattice structures with more than five gold atoms per chain, indicating that the orientation of the PC head groups is almost parallel to the gold surface. This "almost parallel" P → N vector results from intermolecular electrostatic interactions between the positive N-methyl group and the negative phosphates of neighboring molecules. This was also observed previously for lipid membranes 18 and for zwitterionic amphiphiles. 31 For structures with less than five gold atoms per chain, the P → N is small ͑Ͻ80°͒ since the PC head groups are sterically hindered from stretching out parallel to the surface due to limited space between chains. Figure 6͑b͒ shows the effect of the packing density on the tilt angles of the PC chains with the parallel arrangement. For those structures with more than six gold atoms per chain, chains have an average tilt of 60°-80°to form closely packed structures. Thus, their vdW interactions are enhanced and lower packing energies are obtained. For the other tightly packed structures, the tilted angles were found to be around 10°-25°, which is slightly smaller than those of alkane chains in CH 3 terminated SAMs due to the large PC head groups.
For the azimuthal angle, we found that the PC chains always tilted toward the next nearest neighbor ͑NNN͒ when the PC chains were rotated along the surface normal at 30°i ntervals ͑results not shown͒. A similar NNN-tilted state was observed by Karaborni and Toxvaerd 32 in their simulation study on Langmuir monolayers. The close compact packing of the chains could be achieved with a significant tilted angle and NNN-tilted state, resulting in stronger chain-chain interactions which contribute to the low total energy of the structure.
Verification with MD simulations. The two lowestenergy lattice structures, i.e., 6d ͑parallel͒ and 7 ͑parallel͒, were solvated with explicit water molecules and all-atom MD simulations were performed for 1.5 ns. The simulation results are listed in Table II along with those obtained from MM simulations. Snapshots of PC-SAM-water systems from MD simulations are shown in Fig. 7 . Since explicit water molecules were included in the MD simulations, the total energies were significantly larger than those obtained from FIG. 5 . ͑Color online͒ The ͱ7 ϫ ͱ 7R19°lattice structure with a parallel arrangement of the PC head groups ͑only the heavy atoms are shown here with the hydrogen atoms omitted for clarity͒ for ͑a͒ side view, ͑b͒ top view, and ͑c͒ top view. Red, orange, gray, blue, and yellow represent oxygen, phosphorus, carbon, nitrogen, and sulfur atoms, respectively. MM simulations. However, as we can see in Table II , MD simulations show the same trend in packing energy as that obtained from MM simulations for both of the structures. The ͱ7 ϫ ͱ 7 R19°lattice structure is the optimal one for PC-SAMs on Au͑111͒ surfaces as determined from both MM and MD simulations. The thickness of the PC-SAM from MD simulations with explicit water molecules is 13.4 Å, which is in excellent agreement with the thickness of 13.7 Å obtained from our AFM experiments. 15 After MD simulations, there was no significant change in the P → N angle in either case. The tilt angle for both of the MD simulations remained almost the same as that obtained from MM simulations. For all of the cases given in Table II , the PC chains were always tilted towards their NNN.
IV. CONCLUSIONS
In this work, we systematically investigated various lattice structures ͑i.e., packing densities and patterns͒ and chain orientations ͑i.e., antiparallel and parallel arrangements of the head groups͒ of PC-SAMs on Au͑111͒ surfaces using MM simulations. The effect of variations in the azimuthal angle on the optimal lattice structure was also considered. The results were further verified with MD simulations. Both MD and MM simulations lead to the same optimal structure.
Our simulation results show that the lowest-energy lattice structure for PC-SAMs is ͱ7 ϫ ͱ 7 R19°. This lattice packing density corresponds to a surface area of 50.42 Å 2 / molecule, close to that of natural lipids. Simulation results also show that under this optimum packing structure, the PC head groups are aligned in a parallel fashion with respect to each other and the dipole moments are minimized over the six nearest charged groups. The thickness of the optimal PC-SAM from simulations is 13.4 Å, in agreement with that from AFM experiments. The tilt direction of chains is towards its next nearest neighbor. While an integer number of gold atoms is used to set up the unit cells in this work, the actual lattice structure could be slightly away from the ͱ7 ϫ ͱ 7 R19°optimal structure due to the relatively small energy penalty for a chain to be located on different parts of the Au͑111͒ surface. This work provides a simulation strategy which can be directly applied to study the lattice structure of other zwitterionic materials on surfaces and it is the starting point for our efforts to elucidate the molecularlevel nonfouling mechanism of zwitterionic PC-SAMs. ͑Color͒ Snapshots of PC-SAM-water systems from MD simulations for ͑a͒ lattice structure 6d and ͑b͒ lattice structure 7, both with a parallel arrangement.
